It is well admitted that stress induces analgesia (SIA) via endogenous opioid release. However, there is evidence that stressful events play a role in the pathogenesis of pain, but little is known about mechanisms underlying such pain vulnerability. Previous studies reported that a single opioid exposure activates NMDA-dependent pronociceptive systems leading to long-term pain vulnerability after analgesia. Here, we studied whether prior inflammatory pain or/and opioid experiences may favour the development of pain vulnerability after nonnociceptive environmental stress (NNES). Nociceptive threshold (NT) changes were evaluated by paw pressure vocalization test. By contrast to discrete SIA observed in naive rats, 1 h stress induced hyperalgesia (SIH) for several hours (15-65% NT decrease) in pain and opioid experienced rats. Repetition of NNES induced an 18-to 22-fold SIH enhancement (3-4 days), whereas SIA decreased. SIH was still observed 4 months after pain and opioid experiences. This phenomenon is referred to as latent pain sensitization. Furthermore, a fentanyl ultra-low dose (ULD, 50 ng/kg) administration, mimicking SIA in naive rats, induced hyperalgesia (65% NT decrease, 4 h), not analgesia, in pain and opioid-experienced rats. This indicates that low levels of opioids induce opposite effects, that is analgesia vs hyperalgesia dependent on prior life events. In pain and opioid-experienced rats, NMDA receptor antagonists, ketamine or BN2572, completely prevented hyperalgesia when injected just before NNES or fentanyl ULD. This latent pain sensitization model may be important for studying the transition from acute to chronic pain and individual differences in pain vulnerability associated with prior life events.
INTRODUCTION
Currently, it is well recognized that stress induces analgesia. Among various CNS systems involved in producing stressinduced analgesia (SIA), endogenous opioids play a critical role (Akil et al, 1976; Lewis et al, 1980) . However, hyperalgesia following stress has also been reported in animals (Vidal and Jacob, 1982) especially when stress is repeated for a long time (Satoh et al, 1992; da Silva Torres et al, 2003; Bradesi et al, 2005; Khasar et al, 2005; Gameiro et al, 2006) . Unlike SIA, the mechanisms involved in stressinduced hyperalgesia (SIH) are poorly understood. Nevertheless, it has been recently reported that long-lasting delayed swim stress-induced thermal hyperalgesia might be prevented by m-opioid receptor antagonists (Suarez-Roca et al, 2006) suggesting that endogenous opioid systems may paradoxically play a role in SIH.
On the other hand, though it is well demonstrated that exogenous opioids induce analgesia, we previously demonstrated that delayed and long-lasting hyperalgesia appears in a dose-dependent manner after analgesia following single opioid administration in rats (Laulin et al, 1998; Célèrier et al, 2000; Laulin et al, 2002) . Consistent with these data, a single opioid administration strongly enhances the longlasting hyperalgesia following inflammation or surgical incision in rats Richebe et al, 2005) . In agreement with the pain sensitization hypothesis (Woolf and Salter, 2000) , we previously observed that animals that had inflammatory pain experience developed an enhanced hyperalgesia in response to the same tissue injury 1 week later . This was particularly evident when they had been treated by a single exposure to a potent opioid, such as fentanyl, to relieve the initial inflammatory pain. This indicates that a single opioid administration facilitated the development of long-term pain vulnerability (Célèrier et al, 2001; Rivat et al, 2002) . Interestingly, NMDA receptor antagonists prevent exaggerated hyperalgesia in both inflammatory and surgical pain in rats treated by fentanyl Richebe et al, 2005) indicating that NMDA-dependent pronociceptive systems play a critical role in pain sensitization induced by a single exposure to exogenous opioid (Hirbec et al, 2000; Bespalov et al, 2001; Mao, 2002; Ossipov et al, 2003; Simonnet and Rivat, 2003) . Similarly, short-term infusion of the m-opioid receptor agonist remifentanil in human volunteers causes hyperalgesia after analgesia (Angst et al, 2003) . Exaggerated hyperalgesia has also been reported in postoperative pain patients treated with opioids for surgery (Stubhaug and Breivik, 1997; Guignard et al, 2000) . As observed in animal experimental studies, the administration of the NMDA receptor antagonist ketamine opposes opioid-induced hyperalgesia in humans (Stubhaug and Breivik, 1997; De Kock et al, 2001; Guignard et al, 2002; Angst and Clark, 2006; Wilder-Smith and Arendt-Nielsen, 2006) .
As high doses of exogenous opioids paradoxically induce delayed and long-lasting pain sensitization, it is essential to know, from a pathophysiological viewpoint, the effects of endogenous opioids released due to stress on pain sensitivity in animals with prior pain and opioid experiences. As SIA has been always studied in naive animals lacking pain experience, we re-examined the effects of an opioid-dependent stress, that is non-nociceptive environmental stress (NNES), on nociceptive threshold (NT) in rats that had previously lived through inflammatory pain or/and fentanyl experiences. NNES is induced by placing animals for 1 h in new boxes with fresh litter exposed to a light source. Based on the critical role of NMDA receptor systems in opioid-induced hyperalgesia (Mao et al, 1994; Laulin et al, 1998; Célèrier et al, 2000) , we evaluated the effect of two NMDA receptor antagonists, ketamine (Hirota and Lambert, 1996) and BN2572, the gacyclidine enantiomer (À) (Hirbec et al, 2000) on stress-induced changes in pain sensitivity. Finally, we examined long-term pain vulnerability induced by pain and opioid experiences by reexposing animals to NNES several weeks later.
MATERIALS AND METHODS

Animals
Experiments were performed on adult male SpragueDawley rats (IFFA-CREDO, L'arbresle, France) weighing 200-225 g, housed in groups of four per cage under a 12 h light/dark cycle (lights on at 07:00) at a constant room temperature of 23721C. Food and water were available ad libitum. All experiments were performed during the light period. Pharmacologic tests and care of animals were conducted in accordance with the official edict presented by the French Ministry of Agriculture (Paris, France) and the local ethical committee rules. Accordingly, these experiments were conducted in an authorized laboratory and under the supervision of an authorized researcher (J-PL).
Drugs
Fentanyl citrate, ketamine hydrochloride, naltrexone, and carrageenan l (Sigma-Aldrich, Saint-Quentin Fallavier, France) were dissolved in normal saline (0.9%). BN2572, the gacyclidine enantiomer (À)-(1S-2R)-1-[1-(2-thienyl)-2-methylcyclohexyl] piperidine was obtained from BEAU-FOUR-IPSEN (Les Ulis, France). Fentanyl (100 mg/kg), ketamine (10 mg/kg), BN2572 (0.3 mg/kg), and naltrexone (1 mg/kg) were administered subcutaneously (1 ml/kg body weight). Control animals received an equal volume of saline injections. Carrageenan l (0.2 ml of a 1% solution of carrageenan in saline) was prepared 24 h before each experiment.
Nociceptive Testing
NTs were determined in handled rats by a modification of the Randall-Selitto method (Kayser and Guilbaud, 1990) involving the paw-pressure vocalization test, in which a constantly increasing pressure is applied on the hind paw until the rat squeaks. The Basile analgesimeter (Apelex, Massy, France; stylus tip diameter, 1 mm) was used. A 600-g cutoff value was set to prevent tissue damage. In all experiments, NT was determined on inflamed or noninflamed hind paws.
Inflammatory Pain Model
The pro-inflammatory compound, carrageenan, was injected into one plantar hind paw subcutaneously (s.c.). Carrageenan injection was performed with a 25-gauge needle.
Opioid Treatment Model
To mimic a treatment with high doses of opioid as currently used for surgery in humans, fentanyl (100 mg/kg, s.c.) was injected four consecutive times every 15 min on the experimental day (D 0 ), resulting in a total fentanyl dose of 400 mg/kg. The first fentanyl injection was performed 5 min before the carrageenan injection.
Non-Nociceptive Environmental Stress
NNES is induced by exposing animals for 1 h to a new environment. Rats were placed in a new experimental room, in new boxes with fresh litter, and were exposed to a light source (350 lux) placed at a 2 m distance from the rat boxes. At the end of the stress session, rats were returned to their home cages in the usual experimental room.
Fentanyl Ultra-Low Dose Test
In preliminary experiments, we determined the subcutaneous fentanyl dose that induced analgesia similar to analgesia induced by NNES in naive rats. The effective dose is 50 ng/kg. This fentanyl ultra-low dose (ULD) was subcutaneously injected on D 13 when the NTs of rats were returned to basal levels.
Experimental Procedure
After arrival in the laboratory, animals were left to become accustomed to the animal care unit for 4 days. To avoid stress resulting from the experimental conditions that might affect measurement of the NT, the experiments were performed by the same experimenter in quiet conditions in a test room close to the animal care unit. For 2 weeks before the experiments, the animals were weighed daily, handled gently for 5 min, and placed in the test room for 2 h (from 11:00 to 13:00), where they were left to become accustomed to the various apparatuses. All experiments began at 11:00 and were performed on groups of 8-10 animals during the light part of the cycle.
NT measurements were performed on the 2 days preceding the scheduled experimental day (ie on D À2 and D À1 ) and repeated on the experimental day (D 0 ), just before tissue injury. Experiments were only initiated when no statistical change of the basal pain parameters was observed on three successive days (D À2 , D À1 , and D 0 , one-way ANOVA, p40.05). The reference value of NT was chosen as the basal value on D 0 .
On D 0 , NTs were measured 2, 4, 6 h after carrageenan injection and once daily during the subsequent 13 days. In rats without hind paw inflammation, NTs were similarly measured on D 0 and the subsequent 13 days. For the stress period, NT measurements were performed 30 min after the beginning of each non-nociceptive stress period and every 1 h for 6 h during the poststress period. NTs were then estimated once daily until the return to basal NT values. For the fentanyl ULD test, NTs were measured every 30 min for 4 h 30 min.
Experimental Groups
Four types of experimental groups of rats were used: (i) Naive group: rats received neither high doses of fentanyl on D 0 nor pro-inflammatory drug carrageenan in hind paw, (ii) Fentanyl group: rats only received fentanyl (4 boluses of 100 mg/kg, s.c.) on D 0 , (iii) Carrageenan group: rats only received one carrageenan injection in a hind paw on D 0 , and (iv) Carrageenan-Fentanyl group: rats received both fentanyl injections (4 boluses of 100 mg/ kg, s.c.) and one carrageenan injection in the hind paw on D 0 .
Experimental Design
The experimental design of experiments is shown in Figure 1 .
First series of experiments. In these experiments, we compared the effects of one NNES on NT in five different experimental groups of rats: two Naive groups, one Fentanyl group, one Carrageenan group, and one CarrageenanFentanyl group. NNES was performed on D 13 when rats were returned to the basal NT. In Naive groups, rats received one naltrexone (1 mg/kg, s.c.) or saline injection, 30 min before the beginning of NNES.
Second series of experiments. In this experiment, we compared the effect of 50 ng/kg fentanyl on NT in the Naive group vs the Carrageenan-Fentanyl group. This pharmacological test was performed on D 13 when the NTs of rats were returned to basal levels.
Third series of experiments. In a first experiment, we compared the effects of three NNES (D 13 , D 15 , and D 20 ) on NTs in the Naive group vs the Carrageenan-Fentanyl group. In a second experiment, we evaluated changes in NT induced by NNES in the Carrageenan-Fentanyl group when it was repeated on D 13 , D 15 , D 20 , D 68 , and D 119 . In a third experiment, we evaluated the preventive effect of two NMDA receptor antagonists, ketamine or BN2572 (Hirbec et al, 2000) , on NT changes in Carrageenan-Fentanyl groups. Rats received either NMDA antagonists or saline as control on D 0 . In the ketamine group, rats received subcutaneously three 10 mg/kg ketamine injections, 30 min before and 4.5 and 9.5 h after the first fentanyl injection. In the BN2572 group, rats were subject to one BN2572 injection (0.3 mg/kg, s.c.), 30 min before the first fentanyl injection. In the BN2572 group, two saline injections were performed 4.5 and 9.5 h after the first fentanyl injection.
Fourth series of experiments. We evaluated effect of a single administration of the NMDA antagonist BN2572 Figure 1 Experimental design. In rats, NTs were evaluated daily by paw pressure vocalization test. Drugs or saline (0.9% NaCl) were administered subcutaneously. The gray squares indicate experimental days with lesion, drug administration, or stress session (see Material and Methods). NNES: Non-nociceptive environmental stress. Fentanyl ULD: fentanyl ultra-low dose.
Stress-induced hyperalgesia and pain vulnerability C Rivat et al (0.3 mg/kg, s.c. on D 13 ) on NT in Naive groups and Carrageenan-Fentanyl groups in three types of experiments. In the first type of experiment (Control), BN2572 was injected alone. In the second type of experiment (Stress), BN2572 was administered 30 min before NNES. In the third type of experiment (Fentanyl ULD), BN2572 was administered 30 min before fentanyl ULD injection.
Fifth series of experiments. In these experiments, the effect of one BN2572 injection (0.3 mg/kg, s.c.) or saline just before each stress (30 min before the beginning of NNES) on D 13 , D 15 , and D 20 was evaluated in the Naive group and the Carrageenan-Fentanyl group.
Data Analysis
The data are presented as mean7SEM. One-way and twoway ANOVAs were used to assess time effects of treatment on NT (basal reference value: basal value on D 0 for all experiments) and individual group comparisons. When a significant effect was observed, post hoc analyses were performed using the Dunnett test. The Newman-Keuls' test was used for multiple comparisons between groups. Analgesic or hyperalgesic indexes represented by the area under or above the curve, respectively, were calculated for each rat by the trapezoidal method and expressed as a mean percentage (7SEM) of the reference index (100%: analgesic or hyperalgesic index associated with analgesia or hyperalgesia observed in the control group). Student's t-test was used to evaluate changes in NT induced by naltrexone and for comparison of hyperalgesic index. A difference was considered significant if po0.05.
RESULTS
NNES Induces Hyperalgesia, not Analgesia, in Pain or/and Opioid-Experienced Rats
We compared the effects of NNES on naive rats vs rats with previous pain or/and opioid experiences. In naive rats, NNES for a period of 1 h induced a NT increase (stressinduced analgesia or SIA), which was limited to the stress exposure (Figure 2a , po0.05). When injected 30 min before the NNES, the opioid receptor antagonist naltrexone prevented the NT increase induced by the stress (p40.05) indicating that SIA observed in this study was an opioiddependent phenomenon. Conversely, for rats treated with fentanyl 13 days earlier, NNES induced a sustained decrease of the NT (stress-induced hyperalgesia or SiH) for 1 h 30 min (Figure 2b, po0.05) . Similarly, in rats that had recovered their basal NT after inflammatory pain induced by a carrageenan injection performed 13 days earlier, NNES induced a sustained decrease of the NT for 1 h 30 min (Figure 2c , po0.05). In rats that received fentanyl for relieving inflammatory pain, NNES performed 13 days later induced a more significant and sustained decrease of NT as it lasted for 3 h 30 min (Figure 2d , po0.05).
A Fentanyl ULD Induces Hyperalgesia, not Analgesia, in Pain or/and Opioid-Experienced Rats
To study paradoxical hyperalgesia induced by opioiddependent stress, we determined the dose of an exogenous opioid as fentanyl that mimics the analgesia induced by NNES in naive rats (Naive group). Preliminary studies with various fentanyl doses (500 pg/kg to 5 mg/kg) were performed in naive rats (data not shown). Results show that 50 ng/kg was the most effective fentanyl dose to mimic SIA (Figure 3a) . By contrast, this fentanyl ULD induced a sustained decrease in NT for 4 h in rats that had experienced pain and were injected with fentanyl 13 days earlier (CarraFenta group). Interestingly, this sustained decrease was also observed for 3 h 30 min (Figure 3b , po0.05) at the contralateral hind paw level (non-inflamed hind paw). In pain and opioid-experienced rats, basal NT (260711.7 g) did not change 30 min and 1 h after saline injection (253.1712.3 and 255713.2 g, respectively).
Repetition of NNES Enhances SIH in Pain and Opioid-Experienced Rats
In naive rats (Naive group), the SIA amplitude decreased after the second NNES and was strongly reduced following the third NNES (Figures 4a and b, po0.05) . In pain and opioid-experienced rats (Carra-Fenta group), the repetition of NNES exposure induced a large enhancement of SIH, as a decrease in NT was observed for 3 days after the second and third stress periods (Figure 4c, po0.05) .
Comparison of hyperalgesic indexes showed that SIH was increased 18-to 22-fold for the second and third stress, respectively, as compared to the first one (Figure 4d , po0.05).
A Single Exposure to NMDA Receptor Antagonists on D 0 Prevents Long-Lasting Hyperalgesia in Pain and Opioid-Experienced Rats and Opposes SIH As previously reported, when injected three times at 5 h intervals on D 0 , ketamine (10 mg/kg, s.c.) strongly reduced the long-lasting hyperalgesia induced by the carrageenan injection in fentanyl-treated rats. Indeed, long-lasting hyperalgesia was reduced to 5 days in ketamine-treated rats (Figure 5a , po0.05) vs 10 days in non-ketamine-treated rats (po0.05). A single BN2572 injection (0.3 mg/kg, s.c.) performed 30 min before the carrageenan injection on D 0 totally prevented the long-lasting hyperalgesia induced by the carrageenan injection in fentanyl-treated rats (Figure 5c, po0.05) . Furthermore, the D 0 ketamine injections totally prevented SIH when NNES was performed 13 days later (Figures 5a and b, po0.05) . A moderate ketamine preventive effect on SIH was still observed after the second stress exposure. No preventive effect of ketamine was observed after the third stress exposure. Similarly, no SIH was observed in BN2572-treated rats after the first stress exposure (Figures 5c and d, p40.05) . A significant reduction of second SIH was still observed in BN2572-treated rats (Figure 5c , po0.05). No preventive effect was observed with the third stress exposure.
Hyperalgesia Induced by NNES or Fentanyl ULD is NMDA-Dependent
To determine the mechanisms of SIH, we evaluated the effects of NMDA receptor antagonists. When injected alone on D 13 , BN2572 had no effect on both naive and pain and opioid-experienced rats (Figures 6a and d) . In naive rats, the administration of BN2572 just before the first NNES or a fentanyl ULD on D 13 had no effect on SIA or analgesia induced by the fentanyl ULD (Figures 6b and c, p40.05) . Conversely, in pain and opioid-experienced rats, BN2572 totally prevented hyperalgesia induced by the first NNES or a fentanyl ULD (Figures 6e and f, po0.05) .
When NNES was repeated two times after the first one, the BN2572 injection just before each NNES (D 15 and D 20 ) totally opposed the decrease of SIA observed following the second and third NNES in naive rats (Figures 7a and b,  p40.05) . In pain and opioid-experienced rats, BN2572 administration totally prevented SIH observed for several days following the second and third NNES (Figures 7c  and d, po0.05 ).
Persistence of SIH in Pain and Opioid-Experienced Rats
When NNES was repeated 68 and 119 days after pain and opioid experiences, NNES still induced hyperalgesia as indicated by high values of hyperalgesic indexes (Table 1) .
DISCUSSION
Our study confirms that a single exposure to a high dose of opioid strongly enhanced and extended hyperalgesia induced by inflammatory pain via NMDA-dependent pronociceptive systems Richebe et al, 2005) . This is in agreement with previous data showing that Stress-induced hyperalgesia and pain vulnerability C Rivat et al m-opioid receptor stimulation triggers the activation of NMDA receptors by reducing the Mg 2 + block via intracellular protein kinase C activation Huang, 1991, 1992) . Moreover, morphine induces glutamate transporter downregulation at spinal cord level . These preclinical results are consistent with clinical data reporting that major surgeries with opioid based anesthesia are associated with exaggerated post-operative pain in humans (Chia et al, 1999; Zarate et al, 1999; Guignard et al, 2000 Guignard et al, , 2002 ; Angst and Clark, 2006; Wilder-Smith and ArendtNielsen, 2006). Indeed, accumulative evidence suggests that opioid therapy used to relieve pain, especially surgical pain, may make patients more sensitive to pain and potentially worsen their pre-existing pain (Angst and Clark, 2006; Wilder-Smith and Arendt-Nielsen, 2006) . Based on these data, an interesting pathophysiological question is whether the release of endogenous opioids induced by stress may facilitate or oppose pain vulnerability observed in rats with prior pain and opioid experiences. For this purpose, we developed an NNES consisting in environmental changes, which may affect normal daily activities of wild rats as new environment and lighting enhancement. As expected, a first NNES exposure in naive rats induced a moderate and limited analgesia (SIA), which is totally prevented by a prior naltrexone administration, pointing out its endogenous opioid nature. In contrast, a first NNES exposure in rats with basal NTs after prior pain or fentanyl experiences 2 weeks earlier induced hyperalgesia, but never analgesia. Moreover, SIH observed in painexperienced rats was strongly enhanced in rats that received fentanyl to relieve pain on the carrageenan injection day. Because such SIH was observed in rats that were returned to basal pain sensitivity (normal NT), we named this phenomenon 'latent pain sensitization'. It is consistent with previous data showing that pain and opioid-experienced rats show exaggerated hyperalgesia in response to tissue injury . Such pain hypersensitivity is of central origin because SIH was also observed on the contralateral hind paw, which has never been inflamed (data not shown and Rivat et al, 2002 ). These results demonstrate that NNES induced opposite effects on pain sensitivity dependent on pain and opioid experiences.
Although SIA in naive rats is associated with endogenous opioid release, one question is to know whether endogenous opioid release is also caused by NNES in pain and opioidexperienced rats. Unfortunately, it is not possible to characterize endogenous opioid release by the naloxone test in pain and opioid-experienced rats as it was performed in naive rats, because we (Célèrier et al, 2001; Laulin et al, 2002; Richebe et al, 2005) and others (Martin et al, 1987; Kim et al, 1990) previously reported that naloxone administration precipitated hyperalgesia in these animals. According to these data, we previously suggested that animals with previous pain or/and opioid histories did not return to their initial equilibrium (homeostasis) between opioid-dependent antinociceptive systems and pronociceptive systems. Rather, they were in a new equilibrium (allostasis) with a high level balance between these two opposite pain-controlling systems that mask one another (Célèrier et al, 2001; Simonin et al, 2006) . By sharply blocking opioid-dependent antinociceptive systems, naloxone would unmask a high level of pronociceptive system functioning in pain and opioid-experienced rats. For circumventing the methodological difficulty associated with the use of the naloxone test, we decided to investigate in pain and opioid-experienced rats, the effect of an exogenous opioid dose (fentanyl, 50 ng/kg) able to mimic the discrete analgesia induced by NNES in naive rats. Indeed, such a fentanyl ULD did not induce analgesia in pain and opioidexperienced rats but caused an opposite response, that is hyperalgesia, for 4 h as it was observed following NNES. In agreement with SIH observed on the contra lateral hind Figure 3 Effect of a fentanyl ULD on NT in naive (Naive group J) and pain and opioid-experienced rats (Carra-Fenta group '). NT changes were evaluated by the paw pressure vocalization test in both inflamed (a) and non-inflamed (b) hind paws. Fentanyl ULD (50 ng/kg, s.c.) was injected on D 13 . Mean pressure values to trigger vocalization were expressed in grams7SEM. *Dunnett test, po0.05 compared with the D 0 basal NT value. Car: Carrageenan; Carra-Fenta: Carrageenan-Fentanyl. Fentanyl ULD: fentanyl ultra-low dose.
Stress-induced hyperalgesia and pain vulnerability C Rivat et al paw, fentanyl ULD also induced hyperalgesia on the noninflamed hind paw confirming the central origin of hyperalgesia. From a pharmacological viewpoint, this is the first demonstration that the same dose of the same compound, that is an opioid as fentanyl, induces two opposite effects, analgesia vs hyperalgesia, dependently on prior life events. Therefore, although endogenous opioid release was not directly estimated in the present study, these results strongly suggest that SIH, as SIA, is also supported by an endogenous opioid release. From a pathophysiological viewpoint, such pain vulnerability subsequent to pain and opioid histories might have serious outcomes because persistence of nervous system sensitization is now considered a major candidate for the development of chronic pain (Perkins and Kehlet, 2000; Woolf and Salter, 2000) . To study this point, we evaluated long-lasting changes in pain sensitivity by repeating NNES for three times in both naive and pain and opioidexperienced rats. Our study showed that the second and third NNES performed few days after the first NNES did not induce a progressive SIH decrease in pain and opioidexperienced rats as this was observed for SIA in naive rats, but conversely induced a rapid and dramatic enhancement of SIH. Indeed, SIH was increased by 18-fold and lasted 3-4 days after the second NNES as compared to 3 h following the first one indicating a sustained enhancement of pain Stress-induced hyperalgesia and pain vulnerability C Rivat et al hypersensitivity. In agreement with the sustained overbalance from analgesia to hyperalgesia in response to low levels of opioids, we also observed that NNES performed 68 and 119 days after initial pain and opioid experiences still induced hyperalgesia, but never analgesia. Finally, this suggests that low levels of endogenous opioids released by NNES may paradoxically make animals more sensitive to nociceptive inputs and potentially worsen their pre-existing pain.
As opioids are well-known to induce analgesia, but not hyperalgesia, the hyperalgesia induced by a fentanyl ULD or NNES in pain and opioid-experienced rats are unexpected and paradoxical when viewed from the standpoint of traditional opioid pharmacology concepts. From a mechanistic viewpoint, it is well recognized that Gi/G 0 -coupled inhibitory effects mediated by opioid receptors provide a useful cellular model of opioid analgesia (North and Williams, 1976) . By contrast, there is consonance of multidisciplinary experimental evidence that ULDs of morphine may induce hyperalgesia in rats via the recruitment of Gs-coupled excitatory opioid receptor (Crain and Shen, 1990) . Interestingly, in vitro studies have shown that opioid exposure may rapidly switch opioid receptor coupling from G i /G 0 to Gs, thereby converting these receptors from an inhibitory to excitatory mode (Crain and Shen, 1998) leading to a supersensitized excitatory opioid receptor function. On the other hand, a very recent study has reported that hyperalgesia induced by low Stress-induced hyperalgesia and pain vulnerability C Rivat et al morphine doses involve a PLCb3/PKCg/NMDA pathway, which can be reversed by NMDA receptor antagonists (Galeotti et al, 2006) . Similarly, it has been reported that sustained thermal hyperalgesia, not analgesia, is observed following a series of three swim stress episodes in rats (Suarez-Roca et al, 2006) . This last study indicates such SIH is prevented by m 1 receptor antagonists indicating that the induction of SIH is opioid-dependent in nature. Interestingly, this study also shows the involvement of NMDA receptors in both the initiation and maintenance of this phenomenon. In this respect, several observations of our study are able to reveal some mechanisms supporting the overbalance from analgesia to hyperalgesia induced by stress or fentanyl ULD in pain and opioid-experienced rats. The first observation is that a single NMDA receptor antagonist administration associated with the initial high fentanyl dose and pain experiences totally prevented hyperalgesia induced by the first NNES 2 weeks later. However, this preventive effect was strongly reduced for the second NNES and totally disappeared following the third NNES. Interestingly, the most potent NMDA receptor antagonist for reducing long-lasting hyperalgesia, BN2572, was also the most potent for preventing SIH following the second NNES. By contrast, the second observation is that the administration of the NMDA receptor antagonist BN2572 just before NNES or fentanyl ULD administration totally prevented hyperalgesia in rats with prior pain and fentanyl experiences. This means that a sustained NMDA receptor blockade is required for opposing the latent overactivation of NMDA-dependent pronociceptive sytems induced by NNES in pain and opioid-experienced rats. As a whole, this suggests that the pain vulnerability observed in these animals, as revealed by hyperalgesia, was not paradoxically associated with an excess of basal NMDAdependent pronociceptive functioning but is due to a new activation of NMDA-dependent pronociceptive systems requiring opioid receptor stimulation by exogenous or endogenous opioids. The third observation is that NMDA receptor antagonist administration in pain and opioidexperienced rats had no analgesic effect per se in rats that Stress-induced hyperalgesia and pain vulnerability C Rivat et al were returned to basal NTs, suggesting that reduction of hyperalgesia induced by NNES or fentanyl ULD was not due to an analgesic effect masking hyperalgesia. The fourth observation showed that an NMDA receptor antagonist administration did not affect analgesia induced by a first NNES or a fentanyl ULD in naive rats. However, it prevented the gradual analgesia decrease observed in naive rats following repeated stress, suggesting that reduction of analgesia could be associated with a progressive activation of NMDA-dependent pronociceptive systems by repeated opioid receptor stimulation. The fifth observation is that the 18-fold enhancement of SIH following the second NNES was totally preventable by a single NMDA receptor antagonist administration performed just before NNES. Indeed, the pharmacological effect of BN2572 lasted for several days outlasting the half-life of this compound (Hoizey et al, 2001) . Therefore, an NMDA receptor system mainly appears as a trigger to induce long-lasting activation of pronociceptive systems leading to sustained hyperalgesia. This suggests that pronociceptive systems other than NMDA receptor systems are involved in the long-term expression of SIH. Anti-opioid peptides, such as dynorphin, cholecystokinin, and neuropeptide FF might be good candidates because they have been reported to be involved in opioidinduced hyperalgesia (Vanderah et al, 2000; Xie et al, 2005; Simonin et al, 2006) . Studies are in progress to evaluate the role of such endogenous anti-opioid systems in the development of pain vulnerability observed in rats following pain and opioid experiences as reported in this study. Finally, although it is difficult to think that the same compound, that is an opioid, may induce opposite effects, these results are not paradoxical if they are analyzed from an adaptive viewpoint. SIA triggered by endogenous opioids is considered in naive rats as an adaptive and beneficial strategy to facilitate appropriate defensive responses in an initial threatening situation. However, the opposite response SIH might also be considered as an adaptive strategy for facilitating recuperative behaviors after stress in pain and opioid-experienced animals. Indeed, the expression of latent pain hypersensitivity as it was observed in this rat study might be a component of anticipatory recuperative behavior allowing the animal to focus its attention on the pathological consequences of threatening and subsequent tissue injuries. Our model of pain vulnerability could be an interesting experimental model to study the transition from acute to chronic pain, especially long-lasting pain resistant to opioids. By using different approaches developed in this experimental animal study, the role of such latent pain sensitization in individual pain vulnerability has to be evaluated in humans.
